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Electron transport in nanoparticle single-electron transistors (SETs) is a fruitful 
method to explore a wide range of physical phenomena at the nanometer scale. In this 
thesis, we investigate electron transport in SETs incorporating various nanoparticles, 
including gold nanoparticles in both classical and quantum regimes and Pb nanoparticle 
in both superconducting and normal states. 
SETs have been successfully fabricated by incorporating individual gold 
nanoparticles into the gaps between two electrodes. Although single-electron tunneling 
behavior is prominent, quantized energy levels cannot be resolved in these SETs due to 
their relatively large particle sizes. A novel method has been developed to achieve SETs 
incorporating gold nanoparticles whose sizes are small enough to resolve discrete 
quantum energy levels. The devices consist of spontaneously-formed ultrasmall gold 
nanoparticles linked by alkanedithiols to gold electrodes. The devices reproducibly 
exhibit addition energies of a few hundred meV, which enables the observation of single-
electron tunneling at room temperature. At low temperatures, resonant tunneling through 
 viii
discrete energy levels in the Au nanoparticles is observed, which is accompanied by the 
excitations of molecular vibrations at large bias voltage.  
Having explored the SETs in normal state, we have extended the experiments to 
superconducting single-electron transistors (SSETs). We first fabricated and 
characterized Pb superconducting electrodes with nanometer-sized separation. Our 
observation clearly shows that conventional Barden-Cooper-Schrieffer theory remains 
valid to interpret the tunneling behavior between two nanometer-spaced Pb electrodes. 
Furthermore, by incorporating Pb nanoparticles between the two Pb electrodes, we have 
fabricated SSETs and investigated the transport properties of these devices. In the 
superconducting state, the conductance is suppressed by a combination of the single-
electron tunneling effect and the absence of density of states within the superconducting 
gap. In the suppression regime, the tunneling spectroscopy shows current features that 
arise from quasiparticle tunneling caused by singularity matching. At low temperature, 
the features can only be observed for odd charge states in SSETs. At high temperature, 
the odd-even parity effect is smeared out. Upon application of a magnetic field, the 
superconducting state is suppressed and single-electron tunneling behavior for normal 
metallic nanoparticles is recovered.  
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Chapter 1:  Introduction and Background 
1.1 BACKGROUND 
In the past several decades, the semiconductor industry has been able to 
successfully follow Moore’s law to double the number of transistors on a chip every two 
years. Through the continuous development of very large-scale integration technology, 
state-of-the-art microprocessors contain more than 1 billion transistors, with transport 
channel lengths less than 50 nm. At this length scale, the operation model based on 
classical physics may not remain valid since it approaches some quantum characteristic 
length scales such as the electron mean free path. Quantum physics corrections, like 
ballistic transport mechanism, have been adopted for a more accurate understanding of 
the transistor performance. 
However, as the transistors scale down to below 100 nm, the miniaturization 
process is confronting several severe limitations. First, the wavelength of UV light used 
in current optical lithography tools is 193 nm. This wavelength sets the fundamental limit 
of the resolution of current optical lithography and makes it unfeasible to pattern 
structures with dimensions smaller than 10 nm. Secondly, as the density of transistors on 
a chip increases to ~1 billion per chip, the density of power consumed by transistors is 
approaching up to 100 W/cm2. The conventional air cooling method is no longer an 
effective way to solve this heat problem. The gate leakage constitutes the third 
bottleneck. With current 45 nm technology, the gate oxide thickness is 1.2 nm and the 
gate leakage current is approaching the off-current of the transistors. Therefore, further 
scaling-down of gate oxide thickness will result in the malfunction of the transistors. 
Many devices and techniques have been proposed as possible future technologies 
that may supplant current complementary metal-oxide-semiconductor field-effect 
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transistors (FETs) as the dominant device technology. These include spin devices [1, 2], 
carbon nanotube FETs [3-8], nanowire FETs [9-12], molecular electronic devices [13, 
14] and single-electron transistor (SETs) [15, 16]. In the next section, the advantages and 
general features of SETs will be discussed. 
  
1.2 GENERAL FEATURES OF SINGLE-ELECTRON TRANSISTORS 
An SET consists of one small island connected to two electrodes (a “source” and 
a “drain”) through two tunnel barriers and capacitively coupled to a nearby third 
electrode (“gate” electrode) [15-17] as depicted in Fig 1.1. The resistance between the 
island and each of the electrodes must be larger than the quantum resistance. In this case, 
the number of electrons on the island is well defined. Therefore, the current flowing 
through the island can only occur by successive addition and removal of single electrons 
to and from the island. For example, a single electron would tunnel from the source to the 
island and subsequently from island to drain. The tunneling of electrons can be blocked at 
low bias voltage due to the Coulomb repulsive interaction until enough energy is 
provided by applying a voltage difference between the source and drain electrodes. This 
is known as the Coulomb blockade effect [15, 16, 18]. A gate voltage is applied to the 
gate electrode and tunes the electrostatic potential of the island. Controlling the gate 
voltage regulates the number of electrons tunneling on or off the island, one at a time. 
Due to the unique tunneling transport property, the electron energy is not dissipated and 
no heat would be produced. Another beneficial property of SETs is that the operation of 
SETs is extremely sensitive to external charge source that is coupled to the gate 


















gure 1.1: Schematic diagram of a single-electron transistor  
 
In addition to the above advantages in application, SETs also show superior 
operties in fundamental studies. As the central island gets smaller, the energy spectrum 
 the island becomes discrete or quantized [19, 20]. The confined puddle of electron on 
e central island is analogous to the case of electron-in-a-box. The typical spacing 
tween energy levels increases as the island size decreases. The energy level spacing 
flects the quantum mechanical characteristics in the nanometer scale system. The 
acing at the Fermi energy ( ) VNE F
1~1
ε
=∆ , where ( )FN ε  is the density of states 
d V is the volume of the island. Other quantum excitations can also significantly 
odify the transport properties in SETs, such as vibrations of the central island [21-23]. 
ese excitation energies can be extracted from the conductance measurements and 
died in detail. 
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The spin degree of freedom can also be studied by the transport spectroscopy in 
SETs. For example, the g-factors of Al nanoparticles have been extracted from the 
transport spectroscopy; which was found to be smaller than that in bulk. This was 
attributed to the spin-orbital scattering from the surface or impurities [20]. The Kondo 
effect can also be observed when the island contains unpaired electron acting as local 
spin [24, 25]. The Kondo effect is originated from the entanglement between local spin 
and conduction electrons by the spin exchange interaction. Its characteristic temperature, 
the Kondo temperature, can be used to probe the strength of the exchange interaction 
between local spin and conduction electrons. Recent studies suggest that the Kondo 
temperatures from different system can vary from 7 K [26] to 60 K [27]. This variation 
suggests the difference of exchange interaction strength in different system and 
constitutes an interesting study topic.  
Superconducting SETs is another interesting topic to be explored. In small 
superconducting island, parity effect has been observed in the transport spectroscopy. 
This effect results from whether the island contains an unpaired electron or not. By 
studying this effect, the energy difference between the ground states of the island with 
odd/even electrons can be obtained [28]. With smaller island, the level spacing E∆  
could become larger than the superconducting gap of bulk material . Then, 
superconductivity would no longer be possible, because 
∆
∆  looses its special 
significance as gap in an continuous spectrum [29]. By studying the superconductivity of 





1.3 PREVIOUS APPROACHES TO SINGLE-ELECTRON TRANSISTORS 
With the above motivation, various fabrication methods of SETs have been 
developed in the past several decades. These methods can be classified into two different 
categories: top-down and bottom-up. The top-down method uses lithography technique to 
shape the island and source/drain electrodes. It includes the Si transistors [30, 31], the 
two-dimensional-electron gas SETs [24, 30, 32-38] and the SETs fabricated by angle 
evaporation of aluminum [28, 39-42]. Examples of the devices fabricated with these 
methods are shown in Fig 1.2 (a), (b) and (c). The detailed description of each method 
can be found in the references. With these methods, physics phenomena such as Coulomb 
blockade, quantized energy states and superconducting single-electron tunneling have 
been extensively investigated. However, with these methods, the island size is ~100 nm 
as determined by the resolution limit of current lithography. Therefore, it is difficult to 
achieve smaller island. Further, the materials of the electrodes and island are limited and 
SETs involving ferromagnetic materials has never been reported. The bottom-up 
approach seeks to form SETs by self-assembling an islands into the gaps between two 
electrodes. It includes the SETs incorporating the ensemble of small metallic islands [43, 
44], the nanopore SETs [20, 45-49] and the SETs using the electron beam lithography 
and self-assembly of nanoparticle techniques [50, 51]. Fig 1.2 (d), (e) and (f) show the 
devices fabricated using the above methods. With these methods, SETs with various 
metallic nanoparticles have been implemented. However, the method of Fig 1.2 (d) can 
not prove the transport is through single particle. Both the methods of Fig 1.2 (e) and (f) 
involves elaborate fabrication process with less reproducibility. 
In 1999, electromigration technique were developed by H. Park [52]. By precisely 
breaking a prefabricated nanowire, two electrodes with a nanometer-sized separation can 
be reproducibly achieved. This technique enables the study of nanometer scale structures 
with relatively less elaborate fabrication process and has attracted extensive attention. 
Most of the research presented in this thesis is based on electromigration method. 
 
 













)  (f) (digure 1.2: Previous app
DEG SETs (Adapted fro
echnique (Adapted from 
etallic islands (Adapted f
f) SETs fabricated by ele
Adapted from ref. [51]). 
 
.4 ORGANIZATION OF THI
This thesis is organi
one in the past five years.
ovice in this field, to gain e(e)  
roaches to SETs. (a) Si SETs (Adapted from ref. [31]). (b) 
m ref. [24]). (c) SETs fabricated by angle evaporation 
ref. [42]). (d) SETs incorporating the ensemble of small 
rom ref. [43]). (e) Nanopore SETs (Adapted from ref. [49]). 
ctron beam lithography and self-assembly of nanoparticles 
S THESIS 
zed mainly in chronological order of the experiments I have 
 This organization represents a logic train process for me, a 
xperience and knowledge; starting in shallow waters to being 
6
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able to explore the deep sea and finally earning a Ph.D. In Chapter 2, I will introduce the 
concepts and theory that will be referred to in this thesis. It includes the theory of both 
classical Coulomb blockade and quantum Coulomb blockade. The single-electron 
tunneling effect in SSETs is briefly discussed at the end of this chapter. Chapter 3 
presents three fabrication methods to realize SETs incorporating various gold 
nanoparticles. A novel method to achieve SETs with extremely small gold nanoparticle is 
described in Chapter 4. The excitation features are observed in the SETs and the origin of 
these excitations is studied in detail. Chapter 5 describes the fabrication of 
superconducting electrodes with nanometer separation. The tunneling characteristic is 
investigated and compared with conventional Bardeen-Cooper-Schrieffer theory of 
superconductivity. In Chapter 6, the investigation of the electronic transport properties of 
Pb SSETs is presented. The current features involving quasiparticle tunneling is 
discussed. In Chapter 7, the fabrication of single-molecule transistors (SMTs) by 
incorporating individual Co-Porphyrin molecules between superconducting electrodes is 
described. Preliminary electron transport study will be presented and discussed. Finally, I 
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Chapter 2:  Single-Electron Tunneling Effect 
2.1 INTRODUCTION 
In the previous chapter, we have discussed the general features in SETs. In this 
chapter, we review the basic theory of electronic transport through SETs with these 
features. In the theory, several energy scales play important roles. The first energy scale 
is the Coulomb charging energy, which is the electrostatic energy cost of adding an 
individual charge to a small island. This energy cost leads to the single-electron tunneling 
behavior referred to as the Coulomb blockade. The second energy scale is the quantum 
excitation energy. The most commonly observed excitation energy is due to quantum 
confinement. For SETs in which quantum levels of nanoparticles are too closely spaced 
and can be regarded continuous, the Coulomb blockade is classical Coulomb blockade. If 
the spacing is resolvable discrete in our measurement energy scale, the Coulomb 
blockade is quantum Coulomb blockade [1, 2]. We can distinguish the two regimes: 
(1) , the classical Coulomb blockade regime. CB ETkE <<<<∆
(2) , the quantum Coulomb blockade regime. CB EETk ≤∆<<
where  is the thermal energy, TkB E∆  is the quantum energy level spacing and  is 
the Coulomb charging energy. In order to observe the single-electron tunneling effect, the 
Coulomb charging energy must be much larger than the thermal energy . 
Otherwise, the thermal fluctuation effect will be dominant and the single-electron 
tunneling effect will be smeared out. Also, the number of electrons on the island must be 
well defined, which requires that the resistance between the island and each of the 
electrodes must be larger than the quantum resistance 
CE
TkE BC >
Ω==> k 81.2520 e
hRR . The 
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theory of the classical Coulomb blockade and quantum blockade are discussed in this 
Chapter and will be referred to in Chapter 3 and 4 respectively. 
The SETs’ island and electrodes can be made of superconducting materials, such 
as Al and Pb. The superconducting gap energy scale must be considered. The tunneling 
between superconducting electrodes is different from that through normal metallic 
junction and the Coulomb blockade effect in superconducting single-electron transistors 
(SSETs) will be modified by the superconductivity [3]. At the end of this Chapter, the 
tunneling between superconducting electrodes and the Coulomb blockade effect in 
SSETs are briefly discussed since they will be referred later in this thesis.  
 
2.2 CLASSICAL COULOMB BLOCKADE 
The classical Coulomb blockade regime can be described by the so-called 
“orthodox” Coulomb blockade theory [4]. An SET shown in Fig. 1.1 can be modeled by 
the equivalent circuit in Fig. 2.1. In the schematic, the two tunneling barriers are 
represented by tunneling resistances (Rs and Rd) and capacitances (Cs and Cd), where s 
and d designate source and drain electrodes respectively. A gate electrode couples to the 
island through gate capacitance Cg. The charge of the island is the sum of that induced by 
each of the electrodes: 
                ( ) ( ) 0QCVVCVCVVNeQ ggisdissis +−++−=−=             (2.1) 
Here,  is the number of excess electrons on the island, Q0 is the offset charge induced 
by the local environment and  is the potential of the island. Thus the total energy of 
the island is given by: 
N
isV







1 202 ++−−==               (2.2) 
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where  is the total capacitance of the island in the SET. gdstot CCCC ++=
 Let us now consider the transport process where the Nth electron is added to the 
island from the drain. The energy required to add the Nth electron to the island with N-1 
electrons is: 















11µ       (2.3) 
If the Nth electron is added/removed to the island from the source, the energy required is: 















11µ    (2.4) 
We call Nµ  the electrochemical potential of the island for the Nth electron. 
 









 Equivalent circuit of an SET. 
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Below, the electron transport process between the island and the drain is 
described; the analysis of transport between the island and the source is similar. 
At a certain  with zero V , gV Nµ  is always no less than zero to keep the 
system stable with N-1 electrons. As V  increases from zero to certain value, Nµ  
decreases from a positive to a negative value. In Fig 2.2, the energy diagrams and current 
features [5] with different values of Nµ  are depicted. When Nµ  is positive, the system 
is energetically stable with N-1 electrons, the transport of the Nth electron is energetically 
prohibited, therefore the current is suppressed as indicated in Fig 2.2 (a) by arrow (a) [the 
energy diagram is depicted in Fig 2.2 (b)]. This is called the Coulomb blockade regime. 
In the blockade regime, the bias voltage V cannot provide enough energy to overcome the 
Coulomb charging energy required to add the Nth electron to the island. The current is 
suppressed. As V increase to a voltage Vt (threshold voltage of the Coulomb blockade) 
shown by arrow (b) in Fig 2.2 (a), Nµ  reaches zero, the systems with N and N-1 
electrons are energetically degenerate. The energy supplied by the bias voltage equals the 
Coulomb charging energy and the Nth electron can be added to the island. The 
fluctuation of charges between N and N-1 electrons in the island leads to the transport 
current. The corresponding energy diagram is shown in Fig 2.2 (d). As V increases more, 
Nµ  becomes negative, the current increases further as the region shown by arrow (c). Fig 
2.2 (c) shows the energy diagram in this case. 
As gate voltage  is tuned, the voltage of the island is changed. Therefore the 
electrochemical potential of the dot is changed and the threshold voltage of the Coulomb 
blockade Vt is modulated as well. The change of Vt leads to different current-voltage (I-V) 
characteristics. I-V characteristics at various  are shown in Fig 2.3 (a). In the plot, Vt 













































igure 2.2: Classical Coulomb blockade effect. (a) Characteristic current-voltage curve. 
chematic energy diagram when voltage is (b) smaller than, (c) equal to, and (d) larger 
han Coulomb blockade threshold voltage.  
oulomb charging energy . The value of the Coulomb charging energy is determined 






= . Fig 2.3 (b) plots the differential 
onductance of SETs as a function of bias voltage V and gate voltage . At low bias 
oltage, the conductance is suppressed and the suppression regime is indicated by dark 
iamonds which are called the Coulomb diamonds. At higher bias voltage, the transport 
s allowed and the diamond of light color represents the high conductance regime. The 
gV
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value of the Coulomb charging energy  can be extracted from the plot and it is the 
bias voltage where the boundaries of the Coulomb blockade regimes intersect as shown 
in Fig 2.3 (b). At the boundaries of the Coulomb diamonds, the electrochemical potential 
of the island for Nth electron 
CE
0=Nµ , transport starts. The slopes of the Coulomb 
diamonds are the relationship between  and V  by solving gateV 0=Nµ . At certain gate 
voltages, 0=Nµ  at zero bias voltage, these points are called degeneracy points. If we 
plot the conductance as a function of gate voltage at a fixed bias, conductance peaks are 
observed at the degeneracy points and conductance valleys are observed between the 
degeneracy points. The periodicity of the conductance peaks is 
gC
e . This phenomenon is 
plotted in Fig 2.3 (d). Around the degeneracy points, the line shape of the conductance 
peaks is [1, 2]: 








=  for                 (2.5) TkE BC >>
where ( ) ∗−⋅= ggtotg VVCCeδ ,  is the gate voltage where the degeneracy point is. 
This formula gives the temperature dependence of the conductance peak. The plot in Fig 
2.3 (c) shows that as temperature increases, the peak width increases whereas the peak 




2.3 QUANTUM COULOMB BLOCKADE 
The above description does not include any quantum behavior except the charge 
quantization on the island. The energy levels are assumed to be continuous. However, 










































igure 2.3: Coulomb blockade effect and Coulomb oscillations. (a) Characteristic I-V 
urves at gate voltages of totCne (solid line), ( ) Cen 21+ tot (dotted line) and between 
dashed line). (b) Two-dimensional plot of differential conductance as a function of bias 
nd gate voltage. Bright (dark) color corresponds to high (low) conductance. The slopes 
re determined by ratios of the capacitances. (c) The effect of temperature on the 
oulomb oscillation peak. (d) Conductance oscillation versus gate voltage at a small bias 
oltage. 
 
 few nanometers. In this case, the quantum energy level spacing must be considered and 
he Coulomb blockade is quantum Coulomb blockade. Fig 2.4 (a) plots the estimations of 
he Coulomb charging energy and the energy level spacing due to quantum confinement 
n gold nanoparticles [2, 6]. The estimation shows that as the size reduces to ~0.5 nm, the 
uantum energy level spacing becomes comparable with the Coulomb charging energy. 
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Therefore, the energy levels cannot be regarded as continuous any more. A schematic 
energy diagram of a nanoparticle is shown in Fig 2.4 (c). The size of the nanoparticle is 
so small that the quantum energy level spacing cannot be negligible. The solid line 
represents the ground state of each charge state and the dashed lines correspond to the 
quantum excited states. By taking into account these excitations, we can rewrite the 
electrochemical potential of the island for the Nth electron as: 

































eNUNUµ  (2.6) 
where  and  are the excitation energies of the N and N-1 electron 
configurations. If the energy levels of the N electron configuration are similar to those of 



















11µ       (2.7) 
In equation (2.7), an extra energy NE∆  is required to add the Nth electron to the island. 
In the I-V curve, the threshold voltage of the Coulomb blockade is offset to higher bias by 
 and additional features can be observed due to the presence of excitation states. Fig 














































































Figure 2.4: Quantum Coulomb blockade effect. (a) Charging energy (solid line) and 
quantum confinement energy level spacing (dotted line) as a function of the radius of a 
gold nanoparticle. (b) Characteristic I-V curve with excitation steps. Schematic energy 
diagram at the bias voltages indicated in (b) by black (c) and grey (d) arrows. (e) 
Conductance vs. bias and gate voltages. (f) Temperature effect of the Coulomb oscillation 
peak in the quantum regime.  
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regime. In the plot of Fig 2.4 (b), the dark arrow indicates the threshold voltage of the 
Coulomb blockade. At this voltage, the applied bias aligns the Fermi energy level of the 
source electrode with the ground state of the island with N electrons as shown in Fig 2.4 
(c). The Nth electron can be added to the island and transport starts. As bias voltage 
increases further, the excited state enters the energy window opened by the bias voltage 
as indicated in Fig 2.4 (d). The excited state contributes an extra transport channel, which 
results in a stepwise current increase as indicated in Fig 2.4 (b) by the gray arrows. These 
step increases result in conductance peaks. In Fig 2.4 (e), the conductance is plotted as a 
function of bias voltage and gate voltage. The peaks appear as the dotted lines parallel to 
the Coulomb blockade boundary. The measurement of the excitation energies are 
indicated by the intersections of the dotted lines and Coulomb blockade boundaries. The 
additional energy  should be the sum of the Coulomb charging energy  and the 
excitation energy  as illustrated in Fig 2.4 (e).  
aE CE
NE∆
At the degeneracy points in Fig 2.4 (e), the conductance peaks are observed at 
zero bias. The line shape of the conductance peaks is [1, 2]: 











2 δ                     (2.8) 
It shows different temperature dependence from the classical Coulomb blockade. In Fig 
2.4 (f), the conductance as a function of gate voltage at fixed small bias voltage is plotted 
at various temperatures. The peak width increases as temperature increases and the peak 
height decreases.  
Based on the above description, we can utilize the electron transport measurement 
as a spectroscopic tool to understand electronic structures of a small island in the 
Coulomb blockade regime. 
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2.4 SUPERCONDUCTING SINGLE-ELECTRON TUNNELING EFFECT 
 In the above theory, the SETs consist of the island and electrodes made of normal 
metals. When superconducting materials are used in the SETs, the Coulomb blockade 
effect will be modified. In this section, the tunneling theory between superconducting 
electrodes will be briefly described first and then the superconducting single-electron 
tunneling effect will be presented. 
Electron tunneling through a junction with two electrodes has been widely used to 
examine the properties of the electrodes. If the two electrodes are normal metal, the 
tunneling current is proportional to the density of states (DOS) of the two electrodes 











e 2.5: Superconductor-superconductor (SS) tunneling junction. (a) tunneling I-V 
cteristic through an SS junction. (b) Schematic energy diagram of an SS junction at 
ias voltage . The red line corresponds to the tunneling of quasiparticles 









The left/right electrode. When the electrodes are made of superconductor, the 
quasiparticle tunneling characteristic can be described [3]: 
          
( ) ( )
( ) ( ) ( ) ( )[ ]
































     
00
      (2.9) 
where  is the differential conductance of the junction when the electrodes are in 
normal state,  is Fermi distribution function at energy E and /  is the 
superconducting gap of the left/right electrode. In this thesis, the two electrodes are of the 
same material and 
nnG
( )Ef ∆ ∆L R
∆≡∆=∆ 0RL . At =T , no current can flow until ∆= 2eV
∆≥ 2eV
as 
indicated by Fig 2.5 (a) due to the absence of available states in the superconducting gap. 
At , the potential difference between the two electrodes supplies enough energy 
to create quasiparticles on both the left and the right electrode and the tunneling of 
quasiparticles starts as illustrated in Fig 2.5 (b). In the suppression regime, the tunneling 
of normal quasiparticles created by bias voltage is not allow, high order tunneling such as 
multiple Andreev reflection (MAR) [7-9] can contribute fine current features. The 
feature’s magnitude is inversely proportional to the junction resistance. This thesis 
focuses on the tunneling spectroscopy through junctions with high resistance and MAR 

























igure 2.6: Superconducting single-electron tunneling effect. (a) A schematic energy 
iagram of an SSET at zero bias voltage and gate voltage. (b) Differential conductance of 
n SSET as a function of bias voltage and gate voltage due to the sequential tunneling of 














An SSET can be implemented by placing superconducting nanoparticles between 
wo superconducting electrodes. The energy diagram of an SSET is plotted in Fig 2.6 (a). 
t , to add one quasiparticle to the island from the source electrode, the energy 
equired is: 
K 0=T
















eNUNUµ         (2.10) 
here  results from the energy required to create quasiparticles on both the source 
lectrode and the island. This equation gives the threshold of the Coulomb blockade in 
SETs. To produce net current, another quasiparticle must tunnel out of the island to the 
rain electrode. An extra  energy will be required to create quasiparticles on both the 
sland and the drain electrode. Consequently, 
∆2
∆2
∆4 extra energy is necessary to realize the 
unneling processes of the quasiparticles through both tunneling junctions. The 
uasiparticle tunneling conductance is plotted in Fig 2.6 (b) as a function of bias voltage 
and gate voltage. The boundaries of conductance suppression regime are the thresholds of 
the sequential tunneling of normal quasiparticles created by bias voltage and at these 
boundaries, 0=Nµ . The plot clearly shows that the thresholds of the quasiparticle 
tunneling are offset to high bias by ∆4  compared with the classical Coulomb blockade 
in normal SETs.  
 In the transport study of SSETs, a broad family of fine features may be observed 
in the suppression regime. These features originate from various tunneling processes, 
such as the Josephson quasiparticle tunneling [10] and the quasiparticle tunneling 
involving singularity matching [11]. More detailed discussions of the fine features due to 
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Chapter 3:  Fabrication of Gold Single-Electron Transistors 
3.1 INTRODUCTION 
In the past two decades, single-electron transistors (SETs) made from normal 
metallic nanoparticles have attracted extensive research interests for their application 
potentials [1-6] as future generation of integrate circuit unit and ultra sensitive 
electrometers. For these applications, it is desirable to minimize the size of the central 
island of the transistors, so as to increase the charging energy, optimize the charge 
sensitivity of electrometers and raise the operation temperature. The metallic SETs also  
constitute model systems to probe the individual “electron-in-box” quantum states within 
the nanoparticles if the size of the central island is smaller than a few nanometers [7]. 
With metallic SETs, a variety of fundamental charge transport studies have been carried 
out in the past several years [8-10]. Several techniques have been developed to realize the 
fabrication of metallic SETs, such as high resolution electron-beam lithography [11, 12], 
nanopore technique [7, 13-17]. However, wide applications and systematical fundamental 
investigations of nanoparticle SETs are still limited by several technical obstacles 
including (1) the complexity of the process to fabricate electrodes with nanometer-sized 
separation, (2) precise placement of the nanoparticles between the electrodes, (3) the 
challenge to have the nanoparticles efficiently coupling with gate electrode to enable the 
accessibility to enough number of charge states [17, 18].  
In this chapter, three methods to fabricate SETs incorporating various gold 
nanoparticles are presented. The yield of SET devices is discussed and the electron transport 




3.2 ELECTROSTATIC TRAPPING OF GOLD NANOPARTICLES 
This fabrication contains three steps [18]. In the first step, gold nanobridge is 
formed by assembling gold nanoparticles between the electrodes with hundreds 
nanometer separation by AC electric field. Then, DC voltage is ramped up across the 
nanobridge; the bridge is broken due to current induced electromigration. This process 
consistently produces stable electrodes with sub-10 nanometer spacing. Finally, colloid 
gold nanoparticles are self-assembled between electrodes to realize nanoparticle SETs. 
The starting electrodes are first patterned on top of Si/SiO2 wafer using standard 
lithography. Thermal evaporation of Cr/Au (5nm/30nm) followed by lift-off process are 
used to define the electrodes. The initial separation between the electrodes varies from 40 
nm to 200 nm. The electrodes are cleaned by oxygen plasma for 30 minutes and rinsed in 
ethanol. The gold nanoparticles with sizes of 5, 10, 20 and 50 nanometer are suspended in 
water and dropped on top of electrodes. A schematic of our experimental setup is shown 
in Fig 3.1 (a). An AC voltage is applied between the electrodes using a function 
generator. Due to the presence of an electric field gradient, the nanoparticles are attracted 
to the gap where they experience the largest dielectrophoretic force. An output signal can 
be observed by an oscilloscope as soon as the electrodes are bridged by conducting gold 
nanoparticles. After this process, the sample is blown dry immediately with N2 gas. The 
AC voltage is around 1 ~ 3 V at the frequency of 1 MHz. When the initial gap size is 
around 100 nm, the bridging process takes around 10 seconds to complete. The size of 
the particles is 50 nm and the concentration is  for this bridging 
condition. Fig 3.1 (b) shows a high resolution scanning electron microscopy (HRSEM) 
image of a device with nanobridge formed by gold nanoparticles between two electrodes 

































igure 3.1: Electrostatic trapping method to fabricate gold nanoparticle SETs in 
ombination with electromigration technique. (a) A schematic diagram of electrostatic 
rapping experimental setup. (b) HRSEM image of a pair of electrodes with 400 nm gap 
ridged by a chain of 50 nm gold particles. (c) Current trace of a gold nanoparticle bridge 
uring electromigration process. (d) HRSEM image of the gold nanoparticle bridge after 
reaking. The gap is indicated by an arrow. The scale bars in the images correspond to 
00 nm. (b), (c) and (d) are adapted from ref. [18].  
 
In the second step, a DC voltage is ramped up across the nanobridge, and the 
urrent through the bridge is monitored. When the voltage reaches certain value that is 
lways less than 3 V, the current shows an abrupt decrease to almost zero, which 
ndicates the breaking of the nanobridge due to the current-induced electromigration. A 
ypical current versus applied voltage is plotted in Fig 3.1 (c), and a HRSEM image of the 
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nanobridge after electromigration is shown in Fig 3.1 (d) where a sub-10 nm gap is 
indicated by an arrow. 
The electrodes with sub-10 nm separation are immediately put into water solution 
containing gold nanoparticles passivated by dithiothreitol (C4H10O2S2) molecules. An AC 
voltage is applied to trap the nanoparticles between the electrodes for ~1 min. The 
dithiothreitol molecules prevent the formation of conduction nanobridge and act as the 
tunneling barriers between the nanoparticle and electrodes. With the Si back gate 
electrode, gold nanoparticle SETs are realized. 
The gold nanoparticle SETs are measured immediately after fabrication at liquid 
helium temperature. The current as a function of bias voltage and gate voltage is 
measured. By numerically differentiating the current with respect to the bias voltage, the 
conductance can be obtained. Fig 3.2 shows a two-dimensional plot of differential 
conductance (dI/dV) as a function of bias and gate voltages. Around zero bias the 
conductance is suppressed and the size of the voltage gaps can be modulated with the 
application of a gate voltage. Five diamond-shaped regions can be identified in which the 
conductance is suppressed.  
These features are characteristic of the classical Coulomb blockade. Each 
diamond-shaped region corresponds to a charge state of the nanoparticle. The slopes of 
the boundaries of blockaded regions are determined by the capacitances of the 
nanoparticle with respect to the source, drain and gate electrodes. The observation of 
constant slopes for the five diamonds in Fig. 3.2 indicates that a single nanoparticle is 
bridging the gap. The bias voltage at which the boundaries of Coulomb diamonds 
intersect is a measure of the Coulomb charing energy, which is EC ~ 12 meV. The total 
capacitance can be estimated aF 14== Ctot EeC . The source/drain capacitance is 
around 7 aF, and gate capacitance is around 0.45 aF. A simple model of a metal sphere 
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island between two parallel plate electrodes is adopted to estimate the sized of the 
nanoparticle. In this model, the relationship between the Coulomb charging energy and 















, where r is the radius of the 
nanoparticle,  is the distance between the nanoparticle and the electrode, d ε  is the 
dielectric constant of the environment  [19]. By assuming  2 and nm 1 ≈≈ εd  [20] for 























.2: Two-dimensional plot of differential conductance as a function of bias 
and gate voltage of a gold nanoparticle SET fabricated by using electrostatic 
 method. The dark (light) color corresponds to low (high) conductance. The 
onductance ranges from 0 to 10-7 S. 
ith this method, we have <5% devices showing the Coulomb blockade 
rs and the Coulomb charging energies are ~ 10 meV. This indicates that trapping 
nanoparticles is difficult. This may due to the lack of detail information of the 
ctric field around the gap area. The shape of the electrode tip is rarely known 
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because the electromigration process cannot precisely control the breaking of the 
nanobridge. The electric field 
→
E  at the electrode tip is not controllable. The 
dielectrophoretic force experienced by the gold nanoparticles in the electric fields is 
proportional to  and out of control, where  is the dipole of nanoparticle 










The major advantage of this technique is that it does not require EBL and other 
special instrumentation. The initial electrodes with 1 µ m gap can be easily fabricated 
using photolithography. However, its further application in our study is limited by the 
several disadvantages including (1) the yield of small gap is only 50% [18], (2) the yield 
of SETs is low as discussed above, (3) the coupling between the nanoparticle and the Si 
back gate is not efficient. To solve the second issue, we adopted Al gate in this process. 
However, after the trapping process, the gate electrode becomes unstable and large 
leakage current is observed. 
  
3.3 PHYSICAL DEPOSITION OF GOLD NANOPARTICLES 
To improve the yield of devices and gate coupling, the physical deposition 
method is introduced. This method consists of two steps. The first step is to fabricate the 
electrodes with sub-10 nm spacing by applying the electromigration process to the 
prefabricated Au nanowires [23, 24]. Then the SETs are realized by physical deposition 
of gold nanoparticles into the nanometer gaps between two electrodes. 
The devices are fabricated on top of oxidized silicon wafers. Al gate electrodes 
are first fabricated by conventional photolithography and electron-beam deposition of Al 
with the wafer at liquid nitrogen temperature, and subsequently oxidized by exposing to 
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air [25]. Electron-beam lithography using standard PMMA/P(MMA-MAA) bilayer resist 

































Figure 3.3: Gold nanoparticle SETs fabricated by using the physical deposition of gold 
nanoparticles. (a) AFM image of an gold nanowire on top of Al gate electrode. (b) 
Breaking condition of the electromigration process of a bare gold nanowire. (c) HRSEM 
image of a gold nanowire after electromigration. (d) HRSEM image of an SET with gold 
nanoparticles deposited into the nanogaps. 
 
cross section at the constriction has to be kept small. To achieve this, gold is evaporated 
in two steps: ~15 nm of gold is first evaporated normal to the substrate to form the 
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conducting gold nanowires, followed by ~30 nm of gold evaporated at an angle of ~40o 
with respect to the substrate normal. The thick layer from the second evaporation ensures 
the electrical connection between the constriction area and the coarse gold contact pads, 
but is disconnected in the middle because of the shadow effect and therefore does not 
increase the cross section of the constriction. The detail fabrication process is presented 
in detail in reference [26]. An atomic force microscopy (AFM) image of a gold nanowire 
on top of the Al gate is shown in Fig 3.3 (a). 
The nanowires are then cooled down to liquid helium temperature to perform 
electromigration to create nanometer-sized gaps. A DC voltage is ramped up across the 
nanowires at a speed of 10 mV per second. The resistance of the nanowires is monitored 
simultaneously. Fig 3.3 (b) shows one of the representative conductance traces during 
electromigration. As shown in Fig 3.3 (b), the nanowires start to break at several hundred 
mV and exhibit a series of discrete conductance decrease steps. These steps imply that 
the atomic conduction channels are broken up one by one discretely. As the conductance 
decreases to less than the quantum of conductance, which indicates the complete 
breaking of nanowires, the process is terminated. The tunneling behavior shown in the 
inset of Fig 3.3 (b) is always observed after the electromigration which can confirm the 
complete breaking of gold nanowires. A HRSEM image of the gap after electromigration 
is shown in Fig 3.3 (c), where the gap size is less than 10 nm. In most devices, the gap 
sizes are smaller than the resolution limit of our facilities and can not be imaged clearly. 
We then put gold nanoparticles into the gaps by thermal evaporation of a thin 
layer of gold on top of the broken nanowires at room temperature. For most samples, 12 
Å gold is evaporated at the rate of ~ 1 Å/s and the pressure of  Torr. An 
HRSEM image in Fig 3.3 (d) shows the broken nanowire with the evaporated 12 Å thick 
6104 −×
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gold on top. Because the gold layer is to thin to form continuous film, gold nanoparticles 
are formed. The size of the nanoparticles is around 10 nm. 
The gold nanoparticle SETs are measured at liquid helium temperature. Fig 3.4 
shows the two-dimensional plot of conductance as a function of bias voltage and gate 
























3.4: Two-dimensional plot of differential conductance as a function of bias 
 and gate voltage of a gold nanoparticle SET fabricated by using physical 
ion of gold nanoparticles. The dark (light) color corresponds to low (high) 
tance. The plotted conductance ranges from 0 to 10-9 S. 
 
 region, 13 complete diamond-shaped regions are identified, in which the 
tance is suppressed. All the regions show identical sizes.  
These features are characteristic of classical Coulomb blockade. The bias voltage 
h the boundaries of Coulomb diamonds intersect is a measure of the Coulomb 
 energy, which is ~46 meV. Using the model described in subsection 3.2, the 
f the gold nanoparticles is ~4.4 nm. Here, we assume 1 and nm 1 ≈≈ εd  for the 
 gaps between the nanoparticle and the electrodes. This estimated size is 
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consistent with the size of nanoparticles measured with the HRSEM image shown in Fig 
3.3 (d). 
 With this method, more than 15% of ~50 devices (7 out of 47 devices) show the 
classical Coulomb blockade behavior. The Coulomb charging energies are ~50 meV.   
 We carried out similar fabrication process except thicker gold is deposited. We 
found that the number of short electrodes increases in this case and the yield of 
nanoparticles SETs decreases. If we evaporate less gold, fewer gold nanoparticles are 
found and the yield of SETs decreases. 
 With this method, we can get gold nanoparticle SETs with relatively high yield. 
But the shape and size of gold nanoparticles are not well controlled.  
 
3.4 SELF-ASSEMBLY OF COLLOIDAL GOLD NANOPARTICLES 
The third method is based on the self-assembly of colloidal gold nanoparticles 
within the gaps between two electrodes. Colloidal gold nanoparticles have well defined 
shape and uniform size distribution. They constitute a standard model to study the 
“electron-in-box” quantum states.  
This method contains two steps. The first step is to fabricate electrodes with 
nanometer scale separation. The process in this step involves applying electromigration to 
the gold nanowires at liquid helium temperature and is the same as the first step of the 
physical deposition of gold nanoparticles method. 
 Gold nanoparticles with diameter of ~6 nm are chemically synthesized in toluene 
and passivated with alkanedithiol molecules [27]. Fig 3.5 (a) shows a transmission 
electron microscopy (TEM) image of the nanoparticles. The solution is placed onto the 
device while the wafer is rotating at a speed of 1000 revolutions per minute (1000 RPM).  
The spin process is used to help the nanoparticles spread on the wafer more uniformly. 
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Fig 3.5 (b) is an HRSEM image after spin-coating of nanoparticles with the electrodes. 
The whole devices are fabricated on top of Al gate electrode to implement nanoparticle 
SETs.  
 The SETs are measured at T = 4.2 K. A plot of two-dimensional conductance as a 
function of bias voltage and gate voltage is shown in Fig 3.5 (c). The conductance 
suppression regime is observed around zero bias. Four Coulomb diamonds are identified, 
in which the conductance is suppressed. The Coulomb charging energy is ~100 meV. The 
radius of the nanoparticles can be estimated with the charging energy to be ~3 nm. This 
value is consistent with the TEM image observation.  
 With this method, we get 3 SETs out of ~50 devices. The yield is ~6%. One 
possible reason is that it is still difficult to control the density of the gold nanoparticles on 
the wafer. At different spots on the same wafer, the density of nanoparticles varies a lot.  
 
3.5 COMPARISON 
 We first compare the yield of SETs from these three methods. The physical 
deposition of gold nanoparticles shows the highest yield, ~15%. The yields of another 
two methods are less than 10%. With the physical deposition method, the gold 
nanoparticles cover the wafer more uniformly; the density of nanoparticles can be 
controlled by adjust the amount of deposition. While for another two methods, it is 
difficult to control the placement of the gold nanoparticles in the gaps. 
 By adopting the Al gate electrode, the gate coupling is improved compared with 
the Si back gate. The gate capacitance of the SET in Fig 3.2 is 0.45 aF, while for the 
SETs in Fig 3.4 and Fig 3.5 (c), the gate capacitances are 1.3 aF and 0.74 aF. The larger 



















Figure 3.5: Nanoparticle SETs fabricated by using the self-assembly of colloidal gold 
nanoparticles. (a) TEM image of 6 nm diameter colloid gold nanoparticles. (b) HRSEM 
image of gold nanoparticles near the pre-created nanogap by electromigration of 
nanowires. (c) Two-dimensional plot of differential conductance as a function of bias 
voltage and gate voltage of a gold nanoparticle SET fabricated by using self-assembly of 
gold nanoparticles. The dark (light) color corresponds to low (high) conductance. The 
plotted conductance ranges from 0 to 10-7 S. 
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constant of insulation layer. The SiO2 has the thickness d = 300 nm and 9.2=ε . The 
Al2O3 has the thickness d < 10 nm and 7≈ε . 
 In general, the physical deposition of gold nanoparticle method has high 




In summary, we have demonstrated three techniques to fabricate gold 
nanoparticle SETs. The nanometer separated electrodes are created by current-induced 
electromigration. Various gold nanoparticles are placed into the nanometer gaps between 
the electrodes to implement nanoparticle SETs with Al/Si back gate electrode. Singe-
electron tunneling characteristics are observed. Because of the different sizes of gold 
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Chapter 4:  Room-Temperature Single-Electron Transistors Using 
Alkanedithiols 
4.1 INTRODUCTION 
A single-electron transistor (SET) consists of a small conducting island connected 
to two electron reservoirs through tunnel barriers [1, 2]. If the island is small enough, the 
electrostatic energy for adding an electron to the island can become greater than the 
thermal energy. In this regime, electrons tunnel on and off the island one by one, a 
process that can be precisely controlled by a nearby gate electrode. Although SETs have 
been considered as promising candidates for future high-density low-power logic and 
memory devices [2], their applications have been hindered by the difficulty to achieve 
room-temperature operation, which requires the size of the island to be only a few 
nanometers. Several techniques for creating room-temperature SETs have been 
demonstrated [3-8]. However, the fabrication processes have been generally complicated 
and difficult to reproduce.  
In this chapter, I present a simple method for the fabrication of room-temperature 
SETs based on the self-assembly of alkanedithiol molecules. Our devices consist of 
spontaneously formed ultrasmall Au nanoparticles linked by alkanedithiols to nanometer-
spaced Au electrodes created by electromigration. Because of the small sizes of the Au 
particles, the devices exhibit extraordinarily large addition energies, which enable SET 
operation at room temperature. Additionally, excitation structures are observed in the 




4.2 DEVICE FABRICATION 
Our devices are fabricated on oxidized silicon substrates. Electron-beam 
lithography is first used to make ~15 nm thick Au nanowires with constrictions of ~100 
nm in width on top of naturally oxidized aluminum electrodes acting as gates. The 
nanowires are then cooled down to 77 K, where a dc voltage is ramped across the wires at 



































presentative I–V characteristics from a device incorporating C6 molecules 
 voltages measured at 4.2 K. The inset shows the current as a function of 
asured with a bias voltage of 0.5 mV at temperatures of 39.0, 25.1, 18.0, 
and 4.2 K. A higher (lower) and narrower (wider) peak corresponds to 
temperature. The gate voltage is measured relative to the center of the 
hich occurs at Vg = −0.5 V.  
ation process [9, 10]. The two-terminal resistance of our starting 
0 Ω, including ~50 Ω series resistance in the circuit. The electromigration 
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process is typically observed as a sudden increase in resistance at ~0.7 V followed by a 
series of resistance increase steps before the wires are completely broken at ~1 V. After 
electromigration, the substrates are warmed up to room temperature and are immersed in 
a solution of 5 mM alkanedithiols in isopropyl alcohol (IPA) for 24 h. The devices are 
then rinsed in fresh IPA to remove physisorbed alkanedithiol molecules and blown dry 
with nitrogen gas. Three different alkanedithiolmolecules, butanedithiol (C4), 
hexanedithiol (C6), and octanedithiol (C8), have been used in our studies. We have also 
fabricated the devices by performing molecular assembly first and subsequently breaking 
the Au nanowires in the cryostat at 77 K. The device characteristics are qualitatively the 
same. 
 
4.3 EXPERIMENTAL RESULTS AND DISCUSSION 
Fig. 4.1 shows a set of current–voltage (I–V) characteristics as a function of gate 
voltage Vgate measured at 4.2 K from a device incorporating C6 molecules. The current is 
strongly suppressed at low bias voltage and the size of the voltage gap can be modulated 
by the gate. This is a signature of single-electron tunneling effect due to the Coulomb 
blockade effect [1]. Additional current steps are observed at larger bias in the I–V curves. 
These generally occur when the excited states of the system enter the bias voltage 
window providing additional current pathways [11]. These features can be more clearly 
seen in the two-dimensional color plot of numerical differential conductance (dI/dV) as 
shown in Fig 4.2. Three dark diamond-shaped regions in which the current is blockaded 
can be identified and signify three successive charge states. Peaks in dI/dV 
corresponding to the current steps are manifested as lines parallel to the boundaries of the 
Coulomb blockade. Qualitatively similar features have been observed in other C6 devices 















































Two-dimensional color plot of differential conductance as a function of bias 
 gate voltage measured at 4.2 K from the same C6 device as shown in figure 
ght (dark) color corresponds to high (low) conductance. The plotted 
e ranges from 10−12 to 10−7 S.  
 10 C4 and 25 C8 devices, among which 19 C6, 1 C4 and 3 C8 devices 
 curves with large voltage gaps (>300 mV) and gate modulation. Furthermore, 
 devices exhibit excitation structures in the conductance map. We note, 
at the device in Fig 4.1 and Fig 4.2 is the only one in which three consecutive 
s can be accessed due to the limited voltage range that can be applied to the 
gate before the gate oxide breaks down. All the other devices show only one 
neracy point between two adjacent charge states.  
first focus on the excitation structures. In the Coulomb blockade model, the 
the excited states in a particular charge state can be obtained directly from the 
e values at which the lines associated with the excited states intersect the 
of the Coulomb blockade in that charge state. The most common origin for 
ons is discrete electronic energy levels which occur in, for example, small 
tor quantum dots and carbon nanotubes [11, 12]. In molecular systems, 
45
 46
however, it has been shown that electronic transport can be strongly coupled to 
vibrational excitations [10, 13-15]. Significantly, the excitations in Fig 4.2 are almost 
equally spaced and they appear for both bias polarities around both charge degeneracy 
points with approximately the same values. These features strongly suggest that the 
excitations are vibrational in nature. In particular, multiple excitations can be naturally 
explained by the excitations of multiple vibrational quanta. 
 
Table 4.1: The excitation energies observed in Figure 4.2. 
 
 Energy (mV)  Energy (mV)  Energy (mV)  Energy (mV)
A 178 D 164 G 176 J 176 
B 326 E 324 H 325 K 325 
C 484 F 184 I 446 L 446 
 
Table 4.1 lists the values of the excitation energies extracted from the data in Fig 
4.2. The lowest energy is in the range of 160–185 meV. Remarkably, this is consistent 
with the well-known twisting (~160 meV), wagging (~160 meV), and scissoring (~180 
meV) modes of the CH2 groups, which have previously been characterized extensively 
using a variety of techniques [16-18]. To gain more insight into the excitations, we plot 
the histogram of the excitation energies extracted from all 22 devices that showed 
excitation structures in Fig 4.3. In addition to the appearance of the CH2 vibrational 
modes in the range of 160–190 meV, the histogram is characterized by prominent peaks 
at 30 and 120 meV. These energies agree very well with the Au–S stretch and C–C 
stretch [16, 17] modes. Interestingly, these modes have also been identified in the 
inelastic electron tunneling spectroscopy studies of alkanedithiol self-assembled 
monolayers [19, 20]. Taking these together, we believe that most of the excitations in our 
data are indeed associated with molecular vibrations. 
 
Figure 4.3: H
























istogram of the observed excitation energies from 22 devices. The bin size 
served Coulomb blockade effect suggests that there exist well-defined 
n the central island. To further elucidate the transport mechanism, we 
of the conductance peaks for the device shown in Fig 4.1 at different 
s shown in the inset to Fig 4.1. As the temperature T increases, the height 
ecreases as 1/T, while the full width at half maximum increases in 
emperature. This behavior signifies that the transport occurs via tunneling 
e electronic states in the central island [11]. 
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The observed transport characteristics are not possible if the two Au electrodes in 
our devices are directly bridged by one or a few alkanedithiol molecules. This is because 
these molecules are known to be insulating with a large gap (~8 eV) between the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecule orbital 
(LUMO) [21-23]. When the molecules are connected to the Au electrodes, the Fermi 
energy of the electrodes lies deep in the gap, leading to direct tunneling transport which 
has been consistently observed in different measurement geometries [19, 20, 24-27]. The 
charge degeneracy points observed in our devices suggest electronic states which are only 
hundreds of meV away from the Fermi level of Au electrodes. These states cannot be 
attributed to the HOMO and LUMO of the molecules. 
The only other possibility that can explain the observed behavior is the transport 
through Au nanoparticles. It has been known that small Au nanoparticles can form in the 
nanogaps during electromigration, which often leads to the Coulomb blockade behavior 
[28-32]. The size of the particles and the frequency at which they occur depend critically 
on the breaking conditions. We have carried out control experiments in 65 devices by 
performing electromigration in Au nanowires at 77 K followed by warming up the 
devices to room temperature and then cooling down to low temperatures without 
alkanedithiol assembly. Among these devices, only two showed gated transport with 
small addition energies and no excitation features. As mentioned earlier, 22 out of 165 
devices with alkanedithiol assembly exhibited addition energies larger than 300 meV as 
well as distinct excitation features. The disparity clearly suggests that the molecular self-
assembly process is responsible for the formation of the ultrasmall Au nanoparticles in 
the present devices. This may not be too surprising considering the strong chemical  
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chematic of our proposed device geometry. (b) Energy level diagram 
ocesses. 
lfur end groups during the assembly process. Fig 4.4 (a) is a schematic 
elieve describes the transport characteristics of our devices, showing 
les bound to the nanometer-spaced electrodes by alkanedithiols which 
iers. As indicated in the energy diagram in Fig 4.4 (b), the electrons 
e discrete electronic states in the Au nanoparticles. As the electrons 
lkanedithiol tunnel barriers, molecular vibrations can be excited. 
ghly estimate the size of the Au nanoparticle for the device as shown 
4.2. For an isolated particle of radius r, the charging energy Ec scales as 
rgy level spacing ∆E scales as 1/r3. Thus the energy level spacing is 
e increasingly important for smaller particles. The addition energy 
r the initial number of electrons is even or odd. For an even number of 
tion of an extra electron requires energy of Ec + ∆E, whereas for an odd 
ns, the addition energy is simply Ec because the added electron can 
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occupy the same energy level as the topmost electron. The alternating large and small 
addition energies for the three successive charge states observed in Fig 4.2 seem to be 
consistent with the even–odd effect. We can therefore associate the difference in the 
addition energies between the left two charge states (the addition energy of the rightmost 
charge state cannot be determined because the maximum voltage gap is not seen), which 
is 190 meV, with the energy level spacing. Using ∆E = 2EF/3N [33], where EF ~ 5.5 eV 
is the Fermi energy of Au and N the number of electrons, we estimate that the 
nanoparticle contains only ∼ 20 Au atoms.  
The quantum energy level spacing ∆E is comparable to the charging energy Ec. 
The tunneling occurs through a single level and it is in quantum Coulomb blockade 
regime. The experimental data are studied with quantum Coulomb blockade theory. Fig 
4.5 (a) shows the current as a function of gate voltage measured with a bias voltage of 0.5 
mV at 6.2 K from the same C6 device as shown in figure 1. The open circles are 
experimental data. The data are fitted by formula (2.6) and the fitting curve is shown as 
the red solid line. In Fig 4.5 (b), the current peak heights at Vg = −0.5 V is plotted at 
various temperatures. The peak heights are extracted from the data shown in the inset of 






= ∞ . This is confirmed by the good linear fitting between the 
current peak heights I and inverse temperature T-1 shown as red solid line. The good 
agreement between experimental data and theory prediction further justified our 
assumption that the electron tunneling transport must occur through single quantum level 











































igure 4.5: (a) Current as a function of gate voltage measured with a bias voltage of 0.5 
V at 6.2 K from the same C6 device as shown in figure 4.1. The open circles are 
xperimental data and the solid line corresponds to the theoretical fitting curve predicted 
y quantum Coulomb blockade theory. The gate voltage is measured relative to the center 
f the current peak, which occurs at Vg = −0.5 V. (b) Current peak height at Vg = −0.5 V 
s a function of temperature. The open circles are experimental data and the solid line 
orresponds to the prediction by quantum Coulomb blockade theory. 
 The addition energies in our devices are well above the thermal energy at room 
emperature (26 meV at 300 K) and are also much higher than the values reported in 
revious SETs operating at room temperature [3-8]. This suggests the possibility of our 
evices to operate at high temperatures. Fig 4.6 shows the conductance plots from the 
ame device as shown in Fig 4.2 measured at 77, 150 K, and room temperature (290 K). 
imilar behavior has also been observed in a few other devices. At both 4.2 and 77 K, the 
oulomb blockade as well as the excitation features can be clearly observed. As the 
emperature increases further, the excitation structures become smeared out. 
evertheless, the diamond structures associated with the Coulomb blockade persist up to 
oom temperature. Note that the conductance plot seems to have shifted along the gate 
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axis with respect to the low-temperature data, indicating a change in the local 
electrostatic environment presumably due to the charge trap noise in the gate oxide. We 
expect that by optimizing the substrates and gate structures, more stable operation can be 
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: Color plots of differential conductance versus bias and gate voltages from 
device as shown in figure 4.1 measured at different temperatures. A bright 





In conclusion, we have fabricated SETs consisting of ultrasmall Au nanoparticles 
connected to nanometer-spaced Au electrodes through alkanedithiol molecular tunnel 
barriers. Clear single-electron tunneling behavior can be observed at room temperature 
because of the very large addition energies of the devices. Low-temperature transport 
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Chapter 5:  Fabrication of Nanometer-Spaced Superconducting Pb 
Electrodes 
5.1 INTRODUCTION 
Over the past few years, development of techniques for making nanometer-spaced 
metal electrodes has enabled the fabrication of devices incorporating individual 
nanostructures including molecules [1-7] and nanoparticles [8-11]. Similar to 
lithographically patterned semiconductor quantum dots [12, 13] these devices have shown 
the Coulomb blockade behavior [1, 2, 4, 7-9] and the many-body Kondo effect [2, 3, 5, 6, 
10, 11] which results from the screening of localized impurity spins in the central 
molecule or nanoparticle by conduction electrons in the electrodes. These devices offer 
the advantage that their metal electrodes can in principle be made with different materials 
which could allow the transport to be probed in new regimes that are not accessible in 
semiconductor quantum dots and potentially lead to devices with new functionalities. Of 
particular interest are magnetic or superconducting electrodes. For example, spin-
polarized transport has been studied in single-C60 molecular transistors using 
ferromagnetic Ni electrodes in the Kondo regime [6], where the Kondo effect was found 
to be suppressed leading to highly nontrivial magnetoresistance behavior. 
Superconducting Al has been used as electrodes in the transport study of individual 
carbon nanotubes and nanowires [14-16]. To the best of our knowledge, however, 
superconducting electrodes with nanometer-sized separation has not been demonstrated. 
In this chapter, I present the realization of superconducting Pb electrodes with 
nanometer-sized gap. We choose Pb because its superconducting transition temperature, 
Tc, is well above the liquid helium temperature, which should facilitate the general use of 
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these electrodes. The fabrication is achieved by electromigration-induced breaking of a 
conducting Pb wire patterned by electron-beam lithography. These electrodes exhibit 
current-voltage characteristics consistent with the tunneling between two 
superconductors. The electrodes can be switched reversibly between the normal and 
superconducting states by changing the temperature or by applying an external magnetic 
field. 
 
5.2 DEVICE FABRICATION  
The fabrication process starts by using photolithography to make Cr/Au 
(5nm/25nm) contact pads and a 30 nm thick Al gate electrode (not used in the data 
presented in this paper) on top of oxidized Si substrates. Electron-beam lithography using 
standard PMMA/P(MMA-MAA) bilayer resist is then performed to define the Pb wire, 
which is ~500 nm in width and has a constriction of ~100 nm in the middle. Pb is 
thermally evaporated in a vacuum chamber with a base pressure of ~8×10-7 Torr. During 
evaporation, the substrate is kept at liquid nitrogen temperature in order to minimize the 
roughness and grain size of the Pb film. In order to reliably break the Pb wire, the cross 
section at the constriction has to be kept small. To achieve this, Pb is evaporated in two 
steps: ~50 nm of Pb is first evaporated normal to the substrate forming the conducting Pb 
bridge, followed by ~100 nm of Pb evaporated at an angle of ~40o with respect to the 
substrate normal. The thick layer from the second evaporation ensures the electrical 
connection between the Pb wire and the coarse Au contact pads, but is disconnected in 
the middle because of the shadow effect and therefore does not increase the cross section 
of the constriction. The inset to Fig. 5.1 (a) shows a scanning electron microscope (SEM) 










































a) Representative conductance trace during the electromigration process. 
ws an SEM image of a Pb wire before breaking. (b) I-V characteristics 
b electrodes after electromigration at 4.2 K in different magnetic fields. The 
he quasiparticle tunneling process between two superconductors. 
ate nanometer-sized gaps in the Pb wires, electromigration is carried out at 
 temperature. During cool down, the resistance of the Pb bridge shows an 
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abrupt decrease at 7.2 K, signaling the transition of Pb from the normal to the 
superconducting state. The Pb bridge is broken by slowly ramping up a dc voltage at a 
rate of ~10 mV/s across the bridge [7, 17]. Figure 5.1 (a) shows a representative 
conductance trace during the electromigration process. At the bias voltage of ~11 mV, 
there is a small sudden decrease in conductance, which is consistently observed in all our 
devices. This can be attributed to the transition of Pb from the superconducting to the 
normal state in the constriction. Indeed, the current density through the constriction is 
estimated to be ~107 A/cm2, which is comparable to the critical current density of Pb 
[18]. As the bias voltage increases further, the Pb bridge starts to break at ~370 mV as 
manifested by an abrupt decrease in conductance. This is followed by a series of 
conductance steps before the conductance eventually drops to a value lower than the 
conductance quantum at ~700 mV, which indicates that the bridge has been completely 
broken. 
We have broken a total of 347 Pb wires. Among these, 151 electrode pairs 
showed no measurable current after breaking suggesting the formation of large gaps. 182 
pairs displayed measurable current with no gate voltage modulation and overall 
characteristics similar to those presented below. These are associated with the formation 
of nanometer-sized tunneling gaps in the Pb wires and are the focus of this paper. We did 
not observe supercurrents in any of the devices, presumably because the final tunnel 
resistances were too high. There are also 14 devices which exhibited superconducting 
single-electron transistor behavior and the detailed characteristics will be presented in 
next chapter. These devices can be explained by the formation of Pb nanoparticles within 
the gaps during electromigration, similar to the Au nanoparticles which are known to 
occasionally form in electromigrated Au junctions [10, 11, 19]. 
5.3 EXPERIMENTAL RESULTS AND DISCUSSION 
Fig 5.1 (b) shows representative current-voltage (I-V) characteristics measured 
across a pair of Pb electrodes after breaking at 4.2 K. In the absence of a magnetic field, 
the current shows strong suppression around zero bias. Above a certain threshold voltage, 
the current rises sharply. Furthermore, the current is symmetric with respect to the bias 
polarity. The voltage gap corresponding to the maximum slope in I-V is around 3 meV. 
The gap is suppressed upon the application of a magnetic field B as shown in Fig. 5.1 (b). 
At B = 1.2 T, the gap completely vanishes and the I-V becomes approximately linear. 
Similarly, the gap can also be suppressed by increasing the temperature as shown in Fig. 
5.2, and disappears completely at 7.2 K, Tc of Pb.  
These characteristics are consistent with the tunneling between two 
superconducting electrodes. The energy diagram for the quasiparticle tunneling process is 
depicted in the inset of Fig. 5.1 (b). At small bias voltage, the absence of quasiparticle 
density of states (DOS) within the superconducting energy gap, 2∆, results in the 
suppression of quasiparticle tunneling current. When a potential difference equal to 2∆ is 
applied, the alignment of the DOS peaks at the gap edge gives rise to a sharp increase in 
the tunneling current. As the temperature increases or when an external magnetic field is 
applied, the superconducting gap becomes smaller and the peaks in DOS decrease, 
leading to smaller voltage gap with more gradual increase of current around the gap edge. 
We can analyze the I-V characteristics quantitatively within the Bardeen-Cooper-
Schrieffer (BCS) theory [18]. The tunneling current can be expressed as 
                ( ) ( ) ( ) ( )[ ]dEVEfEfVEENGI +−+∫
∞
∞−= ρρ               (5.1) 
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where ( )Eρ  is the DOS of quasiparticles,  is Fermi-Dirac function, and  is the 
normal-state conductance of the junction. We find that good fits of the experimental data 
are obtained by using a modified BCS DOS proposed by Dynes et al. [20], 
, where 
f NG
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V curves between nanometer-spaced Pb electrodes at different 
he open circles are experimental data and the solid lines are fitting curves 
 BCS DOS with ∆ and Γ as adjustable parameters. 
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describe the broadening of the singularity peaks at the gap edge. The solid lines in Fig. 
5.2 are the fitting curves using different values of ∆ and Γ  at different temperatures as 
adjustable parameters. 
Figure 5.3 (a) plots ( )T∆  normalized to the zero-temperature gap value 
 (for which we use the gap value at 1.8 K, ( )0∆ ∆  = 1.46 meV) as a function of 
temperature T normalized to Tc. The behavior can be very well described by the BCS 
theory [18] as shown by the solid curve. The ratio of ( ) 5~02 CBTk∆  is consistent with 
the fact that Pb is a strongly coupled superconductor. The temperature dependence of the 
 values extracted from the fitting can be used to infer the mechanism for the smearing 
of the energy gap. One possible mechanism is the shortened quasiparticle lifetime due to 
the recombination of quasiparticles at or near the energy gap edge to form Cooper pairs 
with phonon emission. Within this mechanism, the quasiparticle lifetime 
Γ
τ  is given by 
[21]: 













)                     (5.2) 
where 0τ   is related to the electron-phonon coupling strength. Fig. 5.3 (b) displays τ , 
which is calculated from the experimental Γ  value by 2/h≈Γτ , as a function of 
∆TkB . The good agreement with the above expression (solid line) confirms that the 
reduced quasiparticle lifetime due to recombination indeed contributes to the gap 
broadening observed in our I-V characteristics.  
Finally we describe an interesting feature which is consistently observed from our 
devices at high bias voltage. Fig 5.4 shows the current, differential conductance and 
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a) Measured superconducting energy gaps at various temperatures 
the gap value at 1.8 K as a function of temperature scaled by Tc . The open 
erimental data and the solid line corresponds to the prediction by the BCS 
asured quasiparticle lifetime as a function of temperature scaled by energy 
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e quasiparticle recombination model. 
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voltage. This device has higher conductance in normal state and the features can be 
distinguished more clearly than the sample shown in Fig 5.1. As indicated by the arrows 
in Fig 5.4, fine step increases of current, peaks in conductance and dips in d2I/d2V are 
observed. These features consistently happen at bias voltages of 7 mV and 11 mV. These 
features can be attributed to phonon excitation modes. During the tunneling transport, the 
phonon excitations are excited and result in conductance peaks in the tunneling 
spectroscopy. The phonon energies can be extracted as ~4.4 meV and ~8.4 meV, which 
are the values of the bias voltage where the peaks are observed minus 2∆. These energies 
coincide with the energy of the transverse and longitudinal phonon modes of Pb [22-24]. 
The phonon spectral function ( ) ( )ωωα F2  and the strength of the electron-phonon 
coupling can be in principle obtained from the tunneling data [23, 24].     
  
5.4 SUMMARY 
In summary, we have developed a simple and reproducible technique to create a 
pair of superconducting electrodes with nanometer-sized separation. Well-behaved I-V 
characteristics across the junctions consistent with tunneling between two 
superconductors are observed, confirming the small sizes and high quality of the tunnel 
junctions. We believe that these nanoscale electrodes have opened up opportunities for 

































 I-V curve between nanometer-spaced Pb electrodes (sample A). (b) 
ductance versus bias voltage from sample A. (c) Second derivative 
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Chapter 6:  Superconducting Single-Electron Transistors 
6.1 INTRODUCTION 
Superconducting single-electron transistors (SSETs) have been investigated 
intensively in the last two decades for various topics, such as the parity effect [1-5] and 
quantum computation [6-10]. An SSET consists of a small superconducting island that is 
coupled to two superconducting electrodes through small tunnel junctions. A gate 
electrode is capacitively coupled to the island and can be used to manipulate the charge 
states of the island. In the previous study, two techniques have been developed to 
fabricate SSETs, including planar Al superconducting devices with the angle evaporation 
technique [1] and vertical Al superconducting devices with the nanopore technique [11]. 
However, both of these techniques involve elaborate fabrication process. The devices can 
only be investigated at milliKelvin temperature due to their relatively small energy 
scales, which severely hinders the research progress in this field.  
In this chapter, we present the realization and characterization of Pb SSETs. The 
Pb SSETs are fabricated by applying electromigration to Pb nanowires. During the 
electromigration process, Pb nanoparticles are formed simultaneously. Our SSETs consist 
of the resultant Pb nanoparticles coupled to the Pb electrodes with an Al back gate 
electrode. Due to the small size of the nanoparticles, the devices show the Coulomb 
charging energy of ~11 meV. The superconducting gap of Pb is ~1.3 meV and the 
transition temperature is ~7 K, which enables the study of superconductivity-related 
single-electron transport behavior at liquid helium temperature. The normal metallic 
single-electron tunneling behavior can be recovered by suppressing the superconductivity 
upon the application of an external magnetic field or by increasing the temperature. 
Additionally, fine conductance features are observed with odd-even parity effect at 2 K, 
 70
which are smeared out at 4 K. These features can be attributed to the tunneling process 
involving singularity matching. 
 
6.2 DEVICE FABRICATION 
The fabrication process of Pb nanowires has been presented in the previous 
chapter. Cr/Au (5nm/25nm) contact pads and a 30 nm thick Al gate electrode are first 
fabricated on top of oxidized Si substrates by using photolithography. Electron-beam 
lithography using standard PMMA/P(MMA-MAA) bilayer resist is then performed to 
define the Pb wire, which is ~500 nm in width and has a constriction of ~100 nm in the 
middle. Angle evaporation followed by lift-off process is used to deposit Pb wires. The 
Pb nanowires are cooled down to 4.2 K and electromigration process [12, 13] is applied. 
It is well known that gold nanoparticles can form during electromigration [14-18]. In our 
study, small Pb nanoparticles simultaneously form during the electromigration process in 
the nanogaps and lead to the resultant nanoparticle single-electron transistors (SETs). We 
have broken 347 Pb nanowires. Among them, 14 devices exhibit conductance 
suppression at low bias with gate modulation and are identified as SSETs. 
Fig 6.1 shows a schematic of a Pb SSET and its schematic energy diagram at zero 
bias voltage and zero gate voltage. The Pb superconducting central island is connected to 
the source/drain electrodes through two tunnel junctions and capacitively coupled to the 
underneath Al gate electrode. The tunnel junctions are characterized by the tunneling 









































igure 6.1: (a) Schematic diagram of an SSET. (b) Schematic energy diagram. 
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6.3 SEQUENTIAL TUNNELING OF QUASIPARTICLES 
To avoid oxidation of the Pb, the transport properties of SSETs are investigated at 
4.2 K immediately after electromigration without warming up and exposure to air. 
Current-voltage (I-V) characteristics of a representative SSET (sample #1) are measured 
at various gate voltages applied to the Al gate electrodes and plotted in Fig 6.2. The 
current is suppressed at low bias voltage and the size of the voltage gaps can be 






























epresentative I-V characteristics from sample #1 at different gate voltages 
.2 K. 
fferentiation is then carried out on the I-V characteristics to obtain the 
nductance. The conductance as a function of bias and gate voltage at T = 
d in Fig 6.3 (a) and (b) for sample #1 and #2 respectively. The conductance 
 around zero bias. There are five suppression regimes that can be identified 
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in the gate range of device #1. The boundaries of the suppression regimes of device #1 
are offset to high bias and intersect at the bias voltages of ~5.2 mV and ~16.2 mV. 
Sample #1 is then measured at the magnetic field B = 1.9 T. Fig 6.3 (c) shows the two-
dimensional plot of conductance as a function of bias and gate voltages for sample #1. 
Five diamond-shaped regions are observed in which the conductance is suppressed. The 
boundaries of the five diamond-shaped regions intersect at zero bias voltage compared 
with the plot in Fig 6.3 (a).  
The critical field of bulk Pb is T 0803.0=CH . However, due to its geometry, the 
length scale of the devices are comparable to the penetration length of Pb ~32 nm, and a 
field much larger than  is required to fully suppress the superconductivity of the 
electrodes and the island. The magnetic field B = 1.9 T is large enough to suppress the 
superconductivity of sample #1. The features observed in Fig 6.3 (c) are characteristic of 
the Coulomb blockade in normal metallic SETs. We believe that the features observed in 
Fig 6.3 (a) and (b) are related to the superconductivity. In the low bias region, the 
conductance is suppressed by not only the Coulomb blockade effect but also by the 
absence of available quasiparticles in the superconducting gap. As the bias voltage 
increases, the quasiparticles can be created on the island and the electrodes. These 
quasiparticles can tunnel through the device, which results in the onset of the high 
conductance regime. A schematic energy diagram of this transport is depicted in Fig 6.4 
(a). The transport consists of two tunneling steps: the initial tunneling and the final 
tunneling. In both tunneling steps, a bias voltage of 
CH
∆2  is required to break a Cooper 
pair to create quasiparticle tunneling. Therefore, a minimum energy requirement of ∆4  
is mandatory. The thresholds of this sequential tunneling of quasiparticles created by bias 
voltage can be obtained by solving [19]: 



























































































wo-dimensional color plot of conductance as a function of bias voltage and 
rom (a) sample #1, (b) sample #2 at T = 4.2 K and zero B fields and (c) 
T = 4.2 K and B = 1.9 T. A blue (red) color corresponds to high (low) 



























































































Figure 6.4: Schematic energy diagrams of various quasiparticle tunneling processes. (a) 
Sequential tunneling of quasiparticle. (b) Quasiparticle tunneling involving singularity 
matching as the initial tunneling process. (c) Quasiparticle tunneling involving singularity 
matching as the final tunneling process. (d) Quasiparticle tunneling involving singularity 
matching happening as both the initial and final tunneling processes. The red lines 
correspond to the quasiparticle tunneling processes in the transport. 
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e                 (6.1)      


















e              (6.2)  
These equations consider both the Coulomb blockade effect and the superconducting gap. 
We calculated the thresholds for sequential tunneling of quasiparticles in sample #1. The 
capacitances of sample #1 can be extracted from the plot in Fig 6.3 (c) in the following 













eC . From the slopes of the boundaries of the blockade 












aF 20.10 and aF, 22.4 aF, 12.0 === sdg CCC . The calculated threshold for sequential 
tunneling of quasiparticles of sample #1 is plotted in Fig 6.5 as the dark solid lines. They 
agree well with the observed thresholds in Fig 6.3 (a). Here, the superconducting gap ∆  
for electrodes and island may be different, but we could not resolve the difference. 
Therefore, we assume them to be the same in my analysis. By comparing the calculated 
thresholds with the observation in Fig 6.3 (a), we find that the offset of the boundaries of 
the suppression regimes in the superconducting state equals ∆4 . This gives the 
superconducting gap of the Pb island and electrodes, which is meV 3.1=∆ . This value is 
consistent with the superconducting gap of bulk Pb, ~1.365 mV [20] even though the size 
of the Pb nanoparticle in our devices is much smaller than the intrinsic coherence length 
of Pb 0ξ ~83 nm [20]. We assume a sphere Pb island between two parallel Pb plate 
electrodes, the size of the Pb island can be estimated as , where nm 10~r r is the radius 
of the island. This is not surprising since the superconducting gap changes significantly 
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only when the quantum energy level spacing is comparable with the superconducting gap 
[21]. The quantum energy level spacing of a Pb nanoparticle with is nm 10~r
eV 632 µ≈=∆ NEE F , where EF = 9.37 eV is the Fermi energy of Pb, N is the total 
number of electrons on the nanoparticle [20]. This energy level spacing is much smaller 











































igure 6.5: Thresholds of various quasiparticle tunneling processes in SSETs. Black 
olid lines represent that of quasiparticle sequential tunneling. Red dashed and blue 
otted lines correspond to quasiparticle tunneling involving singularity matching 
appening as the initial tunneling or the final tunneling respectively. Thin solid lines 
orrespond to quasiparticle tunneling involving singularity matching happening in both 
he initial and final tunneling processes.  
 
.4 SINGULARITY MATCHING 
We observed interesting fine features in the suppression regime of Fig 6.3 (a) and 
b). For clarity, Fig 6.3 (a) and (b) are redrawn in the low bias region in Fig 6.6 (a) and 
b) respectively. There are additional fine conductance features running parallel to the 
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boundaries of the suppression regions corresponding to extremely conductance signals. 
Dashed yellow lines are used to highlight these features in the plots of Fig 6.6 (a) and (b). 
Various transport features have previously been observed in the suppression 
regime of the Al SSETs, such as the Josephson-quasiparticle cycle (JQP) [1], Andreev 
reflection (AR) [22], and 3e tunneling processes [19]. The magnitudes of the transport 
current involving JQP, AR and 3e tunneling processes can be estimated as neRI 40 ∆= , 
 is the tunneling resistance, in our devices, it is ~2nR × 10
10  and leads to 
. This current is too small to be resolved in our system. We further 
calculate the thresholds of these processes with the parameters of sample #1. The results 




Another feasible mechanism for the observed fine features is the processes 
including quasiparticle tunneling caused by singularity matching [23, 24]. In the 
singularity matching process, the quasiparticles tunnel between the electrode and the 
island when the singularities of the density of states are aligned. There are three kinds of 
transport involving singularity matching.  
In case one, the initial tunneling is singularity matching. The quasiparticles tunnel 
between the source electrode and the island. Here, these quasiparticles are not created by 
bias voltage as the tunneling process described in previous section, but are either created 
by thermal excitations or due to the unpaired electron. The latter mechanism will be 
discussed in detail later. After the initial tunneling, the tunneling of quasiparticles created 
by bias voltage returns the system to its original state and the transport can start over 
again. The energy diagram of this transport is depicted in Fig 6.4 (b). The thresholds of 





































































wo-dimensional color plot of conductance as a function of bias voltage and 
om (a) sample #1, and (b) sample #2 at T = 4.2 K and zero B fields in the 
n to clarify the fine features in suppression regimes. The dashed yellow 
 to indicate these features. A blue (red) color corresponds to low (high) 
he plotted conductance ranges from zero to (a) 2×10-9 S and (b) 1×10-9 S. 
79


















e                   (6.3) 


















e                (6.4) 
From the energy diagram, we can clearly see that ∆2  energy is required in the final 
tunneling to create quasiparticles. Therefore, the thresholds can only be observed at bias 
voltage greater than .  ∆2
In case two, the final tunneling is singularity matching. A quasiparticle created by 
the bias voltage first tunnels onto the island, and subsequently tunnels to the drain 
electrode through singularity matching to return the system to its original state. The 
energy diagram is depicted in Fig 6.4 (c). The thresholds of the transport in this case are: 


















e                 (6.5) 


















e              (6.6) 
These thresholds coincide with the thresholds of sequential tunneling of quasiparticles 
described in previous section. But in this case, the final tunneling is singularity matching. 
Therefore no  energy is required. From the energy diagram, we can see that ∆2 ∆2  
energy is required in the initial tunneling to create quasiparticles. Thus, the thresholds can 
be observed at bias voltage greater than ∆2  while the thresholds of sequential tunneling 
of quasiparticles can only be observed when the bias voltage is greater than . ∆4
 In case three, both the initial and final tunneling are singularity matching. The 
energy diagram is depicted in Fig 6.7 (d). The thresholds are given as: 
 80


















e                   (6.7) 


















e                (6.8) 
These thresholds are the same as the thresholds of case one. But in this case, no bias 
voltage is required to create quasiparticles in the transport, therefore the transport features 
can be observed even at the bias voltage smaller than ∆2 . 
With the values of capacitances of sample #1, all the above thresholds are 
calculated and shown in Fig 6.5. The red dashed lines, blue dotted lines and gray solid 
lines are the thresholds of the transport in case one, two and three respectively. The 
plotted patterns agree well with the features observed in Fig 6.3 (a) and Fig 6.4 (a), which 
justifies our discussion that these features originate from the tunneling process caused by 
singularity matching. 
 
6.5 ODD-EVEN EFFECT 
The conductance features originate from the transport involving both singularity 
matching and sequential tunneling of quasiparticles. The strength of sequential tunneling 
of quasiparticles is independent of the temperature, because the quasiparticles in these 
tunneling are created by bias voltage. The strength of singularity matching depends on 
the number of quasiparticles on the island [24].The temperature dependence of the 
devices is measured as well. Sample #1 is then measured at T = 2 K. The two-
dimensional plot of conductance as a function of bias and gate voltage is shown in Fig 
6.7. Compared with the plot in Fig 6.6 (a), the fine conductance features exhibit odd-even 
effect, i.e., these features appear the same as those in Fig 6.6 (a) in the suppression 
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regimes of N-2, N, and N+2 charge states and disappear in the suppression regimes of N-
1, N+1 and N+3 charge states. At the bias voltage smaller than ∆2 or 2.6 mV, all fine 
features are not observed.  
The conductance features originate from the transport involving both singularity 
matching and sequential tunneling of quasiparticles. The strength of sequential tunneling 
of quasiparticles is independent of the temperature, because the quasiparticles in these 
tunneling are created by bias voltage. The strength of singularity matching depends on 
the number of quasiparticles on the island [24]. As temperature decreases, the number of 
thermally excited quasiparticles decreases. The appearance of the odd-even effect must 
be related to the number of quasiparticles on the island. The number of thermal excited 
quasiparticles decreases to one at a temperature ∗T , and vanishes rapidly at the 





=∗ , where  is essentially the total 




( ) ( ) 2/1022 TkVN Beff ∆×≈ ρ  [3], where V is the volume of the Pb 
nanoparticle, ( )0ρ  is the normal-metal density of states (including spin) per unit volume 





30 =ρ , where N is the total number of electrons on the island and EF = 9.37 eV for 
Pb. With these values, we can obtain that 1000≈effN , which leads to 
K 3~
ln effB Nk
T ∆=∗ . This value of ∗T  indicates that the number of thermally excited 
quasiparticles is zero at T = 2 K, and larger than one at T = 4.2 K. 
At 2 K, there are no thermally excited quasiparticles. For the process in case one, 
if the number of electrons on the Pb island is even, at T = 2 K, all the electrons are paired 
and there is no quasiparticles. Therefore, the singularity matching is not possible, and the 
conductance features disappear. However, if the total number of electrons on the Pb 
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island is odd, at T = 2 K, there is one unpaired electron which makes the number of 
quasiparticles one. Therefore, the tunneling involving singularity matching is possible 
and the conductance features remain. For the transport process in case two, the tunneling 
of singularity matching is the final step and its strength is determined by the number of 
quasiparticles on the island after the initial tunneling. If the island is in even charge state, 
after the initial tunneling, there is an odd number of electrons on the island, the 
singularity matching can happen as the final tunneling. But if the island has an odd 
number of electrons, the initial tunneling will put the island into even charge state. There 






























Figure 6.7: Two-dimensional plot of differential conductance as a function of bias 
voltage and gate voltage at T = 2 K. A blue (red) color corresponds to low (high) 
conductance. The plotted conductance ranges from zero to 4×10-9 S. 
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and the conductance features will not be observed. With the above analysis, the N-2, N 
and N+2 charge states can be naturally associated with the odd charge states and the 
others even charge states.  
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2
With similar analysis, we can understand the disappearance of the fine features at 
the bias voltage smaller than . These features correspond to the transport in case three 
in which both tunneling steps involve singularity matching. At 2 K, if the Pb island is in 
the even state, the initial singularity matching is not possible. If the Pb island is in the odd 
charge state, after the initial tunneling, there is an even number of electrons. The number 
of quasiparticles on the island is zero and the final singularity matching is not possible. 




In summary, we have successfully fabricated Pb SSETs by electromigration of Pb 
nanowires. In the superconducting state, the conductance is suppressed due to the 
Coulomb blockade effect and the absence of available states in the superconducting gap. 
Within the region of suppressed conductance, fine structures are observed that can be 
attributed to quasiparticle tunneling processes involving singularity matching. These 
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Chapter 7:  Ongoing Project: Single-Molecule Transistors 
7.1 INTRODUCTION 
In the past several years, electronic transport through nanostructures in the 
presence of superconducting electrodes has been studied intensively. These studies cover 
various nanostructures, including two-dimensional systems – graphene [1, 2] and one 
dimensional systems – carbon nanotube [3-8], as well as the zero dimensional systems – 
nanoparticles [9, 10]. In most of the studies, Al was used as the superconducting 
electrode material and the experiments were all carried out in a dilution refrigerator. 
Recently, individual molecules have been incorporated in transistor geometry, i.e. 
between the source and the drain electrodes with a gate electrode nearby [11-18] . The 
electron transport through individual molecules has been investigated. Transport in these 
devices at low temperature is dominated by single-electron tunneling [19] or the Coulomb 
blockade effect, which has provided a new spectroscopic tool to investigate the states at 
the level of individual molecules. These measurements have revealed a number of 
interesting phenomena including strong coupling of electron transport with molecular 
vibrational excitations [11, 16, 18],  and the Kondo effect [12, 13, 15] due to correlations 
between unpaired electrons in the molecules and conduction electrons in the electrodes. 
However, superconductivity-related transport in individual molecules has not been 
studied due to the lack of successful fabrication of superconducting electrodes with 
nanometer-sized separation.  
In Chapter 5, we presented work demonstrating successful fabrication of 
superconducting Pb electrodes with nanometer-sized separation. By incorporating 
individual molecules into the nanogaps, single-molecule transistors (SMTs) with 
superconducting electrodes can be realized.   
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In our work, we use Co-porphyrin to fabricate SMTs with the following 
motivation. Co-porphyrin is one species of metalloporphyrins, which work as important 
functional units in biological systems, such as photosynthetic units in plant and heme 
proteins in blood [20]. In the previous studies of Co-porphyrin SMTs with normal metal 
electrodes [21], a broad family of interesting transport phenomena have been observed 
including cotunneling and the Kondo effect. In this chapter, the fabrication process of 
Co-porphyrin SMTs with superconducting electrodes will first be presented and the 
preliminary experimental results of SMTs and discussions follow.  
 
7.2 DEVICE FABRICATION 
A schematic diagram of a Co-porphyrin SMT with superconducting Pb electrodes 
is shown in Fig 7.1. A diluted (~0.2 µM) solution of Co-porphyrin in dichloromethane is 
spin-deposited on pre-fabricated Pb nanowires at a speed of 1000 RPM. Then, the 
electromigration process is applied to the Pb nanowires at liquid helium temperature; in-
situ electronic transport measurement follows immediately. The transport measurement 
shows that most devices exhibit tunneling between the superconducting electrodes 
without any gate dependence, but ~5% of the devices exhibit the conductance 
suppression in the low bias region with gate modulation. For these devices, conductance 
is measured in detail as a function of bias voltage and gate voltage by numerically 
differentiating I-V curves at different gate voltages. As will be discussed later, these 
current features can only be associated with the presence of Co-porphyrin molecules 





























igure 7.1: Schematic of a Co-porphyrin single-molecule transistor with 
superconducting electrodes. 
 
.3 EXPERIMENTAL RESULTS AND DISCUSSION 
Fig 7.2 (a) shows the two-dimensional color plot of differential conductance as a 
unction of bias voltage and gate voltage for a Co-porphyrin device at 4.2 K, which 
hows some generic features of the Coulomb blockade: the conductance is suppressed at 
ow bias voltage and the size of the bias voltage gap are modulated by a gate voltage. Sky 
lue dashed lines are used to indicate the boundaries of the Coulomb suppression 
egimes. Two Coulomb diamonds can be identified with three degeneracy points. 
nterestingly, we observed two horizontal line features in both these two suppression 
egimes. Green dashed lines are drawn in Fig 7.2 (a) to indicate these features. These 
eatures intersect the boundaries of the suppression regimes at the bias voltage of 2.6 mV. 
he device is measured with a magnetic field B = 0.6 T. The two-dimensional color plot 
f differential conductance as a function of bias voltage and gate voltage is shown in Fig 
.2 (b). The features in the left suppression regime disappear. In the right suppression 
egime, a conductance peak at zero bias voltage is observed.  
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First, the Coulomb blockade behavior can not be associated with the Pb 
nanoparticles in the nanogaps which form during electromigration as discussed in chapter 
6. In those devices, all charge states exhibit the same addition energy ~10 meV, which 
does not happen in Fig 7.2 (a) and (b). Furthermore, the zero-bias conductance peak show 
in Fig 7.2 (b) has never been observed in Pb SSETs and the features in the suppression 
regimes observed in Pb SSETs are not observed in this device. Therefore, the observed 
features must originate from the Co-porphyrin molecules. 
The critical field of bulk Pb is T 0803.0=CH . However, due to its geometry, a 
field (~0.4 T) much larger than  is required to fully suppress the superconductivity 
of the electrodes and the island in our device. Nevertheless the magnetic field B = 0.6 T is 
large enough to suppress the superconductivity of the electrodes. The data shown in Fig 
7.2 (b) should correspond to a Co-porphyrin SMT with normal metallic electrodes. The 
zero-bias conductance peak has been observed in the previous SMT studies with a variety 
of molecules including Co-porphyrin and are attributed to the Kondo effect [12, 13, 15, 
16, 21, 22]. The Kondo effect involves the coherent superposition of a cotunneling 
process through the molecules which contain unpaired electron acting as localized spin. 
Suppose that the molecule and the electrodes are strongly coupled and there exists an 
unpaired spin in the molecule. The localized spin is antiferromagnetically coupled to the 
spin of conduction electrons in the source electrode by the spin exchange interaction. The 
localized spin can escape from the well state in the molecule virtually to the drain 
electrode since the Heisenberg uncertainty principle allows the process quantum 
mechanically for a short time around 
CH
0µh , where h is the Plank constant and 0µ  is the 
energy level of the electron below the Fermi energy. Within this time scale, another 
electron from the source electrode may occupy the same state with an opposite spin. This 
mechanism makes the localized spin effectively flip. Many such events introduce a 
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tunneling density of states aligned to the Fermi energy of the two electrodes, leading to 
an enhancement of conductance or a conductance peak at zero bias at low temperatures. 
The Kondo effect vanishes above certain temperature, the so-called Kondo temperature 
, which is determined by the spin exchange interaction. A good description of the 




In Fig 7.2 (a), the electrodes are in superconducting state. The zero-bias 
conductance peak disappears and two conductance peaks appear at the bias voltage of 2.6 
mV or . The peaks at  can be explained as the onset of the quasiparticle 
cotunneling process. The cotunneling process happens when the lower singularity of 
density of states of the source electrode is aligned with the upper singularity of the 
density of states of the drain electrode. A quasiparticle can be created in the source 
electrode and tunnel into the molecule while at the same time another quasiparticle leaves 
the molecule and tunnels to the drain electrode. This process can give finite conductance 
peaks at the bias voltage of .  
∆2 ∆2
∆
We measured the temperature and magnetic field dependence of the conductance 
peak features. Fig 7.3 (a) plots the differential conductance versus bias voltage at a gate 
voltage of 2 V at the temperatures varying from 4.2 K to 8 K. As the temperature 
increases, the center of the two separated peaks moves to lower bias with the height 
decreasing. The peaks finally disappear as the temperature reaches 8 K. Fig 7.3 (b) shows 
the conductance as a function of bias voltage at magnetic fields varying from zero 
through 0.6 T. As the magnetic field increases, the conductance peak moves to lower bias 
and the peak height decreases. As the superconductivity is suppressed eventually by the 










































































re 7.2: Two-dimensional color plot of conductance as a function of bias voltage and 
 voltage from a Co-porphyrin SMT with superconducting electrodes at T = 4.2 K 
 (a) B = 0 T (b) B = 0.6 T. A light (dark) color corresponds to high (low) 
ductance. The plotted conductance ranges from 10-12 to 2×10-7 S. The sky blue 
ed lines indicate the boundaries of the conductance suppression regimes. The green 




This observation in Fig 7.3 could be explained by the competition between two 
energy scales. One is the superconducting gap ∆ , which is the energy requirement to 
realize the cotunneling process described before. Another one the Kondo temperature: 
. If , the Kondo effect is suppressed. Otherwise, if KBTk KBTk>∆ KBTk<∆ , the Kondo 
effect survives. At zero magnetic field, KBTk>=∆ meV 3.1 , where . As B 
increases,  decreases. At certain magnetic field, 
K 8<KT
∆ KBTk<∆  and the Kondo effect is 
allowed.  
In Fig 7.3 (a), as temperature increases, the superconducting gap  decreases, 
which cause the peak position move to low bias and the peak height decrease. At T = 8 K, 
the superconductivity is suppressed and the Kondo effect is not observed. The Kondo 
peak height decreases as temperature increases [24] and vanishes above the Kondo 
temperature. The Kondo peak is not observed at T = 8 K, therefore, the Kondo 
temperature of this system must be lower than 8 K. The Kondo temperature 
 is less than the superconducting gap energy ~1.3 meV. This Kondo 
energy value is also much smaller than the previous observation [21]. In the plot of Fig 
7.3 (a), as temperature increases, both the superconductivity and the Kondo effect are 
smeared out.  
∆
meV 7.0≤KBTk
In Fig 7.3 (b), at low magnetic field, KBTk>∆ , the cotunneling of quasiparticles 
is observed and the Kondo effect does not appear. As magnetic field increases, the 
superconducting gap  decreases to less than the Kondo energy, the Kondo effect is 
exhibited and the cotunneling process is suppressed. A single conductance peak is 
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igure 7.3: Differential conductance as a function of gate voltage from a Co-porphyrin 
MT with superconducting electrodes at various temperatures and magnetic fields. (a) at 
emperatures of 4.5, 4.8, 5.0, 5.2, 5.4, 5.6, 6.0, 7.0, 7.5 and 8.0 K with zero magnetic 
ields. (b) with magnetic fields of 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, and 
.60 T at T = 4.2 K.  
To gain more quantitatively understanding of these features, the transport through 
o-porphyrin SMTs in different regimes should be studied with more samples. This 
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Chapter 8:  Summary 
In this thesis, we have discussed examples of single-electron transistors that are 
made from various nanoparticles, including gold nanoparticles, Pb nanoparticles. With 
these examples, we demonstrated that how single-electron tunneling spectroscopy can be 
used to explore the physics associated with various nanometer scale structures in normal 
and superconducting states. 
To measure such small nanostructures, we demonstrate several techniques 
(Chapter 3) to fabricate gold electrodes with nanometer-sized gap. All these techniques 
are based on the electromigration breaking of nanowires. Metallic gold nanoparticle 
single-electron transistors are fabricated with these electrodes. The successful fabrication 
of SETs suggests that these electrodes can be suitable to wire-up the nanometer scale 
structures.  
In the electron transport study of smaller gold nanoparticles (~1 nm) fabricated by 
the self-assembly of alkanedithiol molecules, large addition energies (>200 meV) are 
consistently observed due to the extreme small size of the gold nanoparticles, which 
enables the singe-electron tunneling operating at room temperature. Additionally, 
excitation features are observed accompanying the Coulomb blockade regime as extra 
conductance peaks outside of the suppression regime, which are associated with the 
vibrations of attached alkanedithiol molecule. 
We adopted electromigration technique to Pb nanowire to create superconducting 
Pb electrodes with nanometer separation. The superconductivity of the electrodes are 
characterized by the tunneling spectroscopy, which agrees well with the conventional 
BCS theory. The superconducting Pb single-electron transistors are fabricated by 
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incorporating Pb nanoparticles into the nanometer gaps. Various quasiparticle tunneling 
processes are investigated by electron transport spectroscopy.  
The superconducting electrodes are suitable for single molecule study. 
Preliminary results from Co-porphyrin SMTs show promising new physics to be explored 
in this field, including the cotunneling of quasiparticles and the Kondo effect.  
 In this thesis, we discussed the fabrication and measurement of single-electron 
transistors with various nanoparticles. We found that the electron transport can be 
significantly modified by the interaction between conduction electrons and nanostructure 
internal degree of freedom. The results of this thesis can be utilized to investigate 
fundamental electronic properties of nanostructures and to develop novel electronic 
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